INTRODUCTION
The nematode Anguillicola crassus was introduced into Europe from the Far East in the early 1980s when Anguilla japonica was imported for aquacultural purposes, which resulted in infection of wild populations of European eel Anguilla anguilla (De Charleroy et al. 1990) . While the Japanese eel maintains low numbers of adult A. crassus (<10) in the swimbladder without obvious pathological effects, naïve A. anguilla can be infected with as many as 50 mature worms. Infection involves ingestion of the larval stage, either in an intermediate or paratenic host (Kennedy & Fitch 1990) , and migration of the larva through host tissues to the swimbladder lumen causing significant tissue damage , Würtz et al. 1996 , Würtz & Taraschewski 2000 , Lefebvre et al. 2002 , which has been reported to cause an increase in cortisol levels (Sures et al. 2001) . However, our investigations of wild eels, sampled monthly over an 18 mo study, showed no major, consistent differences in the hormonal or metabolic status of eels carrying up to 15 blood-feeding adult A. crassus in their swimbladder lumen and as many as 25 additional larvae in the swimbladder wall (Kelly et al. 2000) compared to uninfected eels. Furthermore, there was a lack of correlation between A. crassus loading in the lumen or larvae in the swimbladder and the measured physiological indices of stress (plasma cortisol, plasma glucose, haematocrit) (Kelly et al. 2000) . While these results suggest possible adaptation to chronic anguillicolosis, recent studies that have focused on the cortisol (glucocorticoid) receptors ABSTRACT: The swimbladder parasite, Anguillicola crassus has infected, and spread rapidly, through European eel Anguilla anguilla (L.) populations over the past 20 to 25 yr. Our aim in the present studies was to elucidate whether the presence of A. crassus in these eels alters their rapid physiological responses to an acute temperature increase, compared to the response of uninfected fish. Both infected and uninfected fish showed significant increases in plasma cortisol after 2 h at a raised environmental temperature with increased plasma glucose after 6 h. However, infected eels exhibited a slight lag in glucose mobilisation, which may be due to the metabolic cost of harbouring a sanguiverous parasite. Both infected and uninfected fish showed a significant increase in haematocrit after 6 h of temperature elevation, but only uninfected fish exhibited a significant increase in haemoglobin at this point. However, there were no significant changes in mean erythrocyte haemoglobin concentration in either group. Our results suggest that acute temperature increase alone is unlikely to cause significant mortality of A. crassus-infected European eels; however, the effects of chronic increases in temperature in combination with other factors such as toxicants and hypoxia requires examination.
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Resale or republication not permitted without written consent of the publisher (Greenwood et al. 2003) indicate that chronic cortisol stimulation can lead to autoregulation of the receptors and cellular responses that favour tissue responsiveness (Vijayan et al. 2003) . Thus, the sensitivity of A. crassus-infected eels compared to uninfected eels to additional stressors is not readily predictable.
There is evidence to suggest that acute temperature increases may have a pronounced effect on eels suffering from anguillicolosis. In particular, 250 tonnes of European eels, at least ~65% of which were infected with Anguillicola crassus, died in the Western basin of Lake Balaton, Hungary, after water temperatures increased to 28°C (Molnár et al. 1991 , Bálint et al. 1997 . Similar, though less pronounced, mortalities were also reported in the Western basin of Lake Balaton in the summers of 1992 and 1995 (Molnár 1993 , Bálint et al. 1997 and in the Vranov Reservoir, Czech Republic, in 1994 (Baru$ & Proke$ 1996) . However, eels infected with A. crassus living in a thermal effluent at 8 to 10°C above seasonal norm appeared to suffer no serious changes in haematological parameters (Höglund et al. 1992) . Thus, an acute increase in temperature, rather than prolonged exposure to high temperatures, to which eels might acclimate, could be a potential cause of mortalities of A. crassus-infected eels.
Due to the ectothermic nature of most teleost fish, the surrounding environment dictates body temperature and fish become vulnerable to unseasonal thermal changes that may occur. Acute temperature increases have been shown to initiate both endocrine (primary), and secondarily-induced osmoregulatory and metabolic effects in many species of fish. For example, acute temperature elevation has been reported to cause increased plasma cortisol in rainbow trout Oncorhynchus mykiss, cutthroat trout O. clarki clarki, Chinook salmon O. tshawytscha, Pagothenia borchgrevinki (Ryan 1995) and tilapia Oreochromis mossambicus (Ackerman et al. 2000 , Basu et al. 2001 , Mesa et al. 2002 . Cortisol is known to stimulate both metabolic substrate mobilisation and ionoregulatory changes during stress (Wendelaar Bonga 1997). For example, O. clarki clarki exhibits a significant increase in plasma glucose levels after exposure to heat shock, and O. tshawytscha shows raised levels of both plasma glucose and lactate (Ackerman et al. 2000 , Mesa et al. 2002 . Similarly, olive flounder Paralichthys olivaceus and black rockfish Sebastes schlegeli exhibit increased plasma glucose and lactate after a 4 h exposure to elevated temperature (Lee et al. 2001) . As yet, however, there has been little if any work carried out on the effect of acute temperature change on parasitised fish.
Our laboratory study therefore aimed to compare the acute physiological responses of Anguillicola crassusinfected eels and the responses of uninfected eels when exposed to an imposed thermal regime with a rapid increase in water temperature from 11 to 28°C in a 6 h study.
MATERIALS AND METHODS
Experimental procedure. European eels Anguilla anguilla (L.) were captured from field sites by electrofishing using a pulse D.C. (direct current) unit (peak power output 2.8 kW). Uninfected fish (mean mass = 53.6 g) were caught from the River Otter, Devon, UK (Ordnance Survey Ref. SY 077 818), where less than 1% of eels are infected with Anguillicola crassus (Kelly et al. 2000 , Gollock et al. 2004 . Previous attempts at artificial infection of eels from this site with A. crassus had an extremely low success rate (Kelly 1998) and therefore, for the present studies, wild infected eels were required. At the time of this study there were no sites available that would provide a pool of both infected and uninfected eels. Infected eels (mean mass = 87.5 g) were therefore obtained from Slapton Ley, Devon (Ordnance Survey Ref. SX 825 425), a site that has shown a relatively constant level of anguillicolosis (> 99% eels infected) for the past 9 yr (Ashworth & Kennedy 1999 , Kelly et al. 2000 , Gollock et al. 2004 ). All eels were acclimated to identical water and tank conditions for a minimum of 3 wk before experimental manipulations. This period also allowed recovery from electrofishing and transportation and handling (Gollock 2002) . Eels were maintained in plastic tanks, supplied with a constant flow of dechlorinated, aerated water at 11°C (±1°C), with a 12 h:12 h light:dark cycle. After acclimation, resting levels of all parameters measured in the study, as in previous studies using eels from the 2 sites (Gollock et al. 2004) were not statistically different.
After acclimation, 12 eels were quickly transferred to individual 4.5 l tanks in a 150 l closed system with water being re-circulated through a filter to remove ammonia. This procedure was carried out on 5 separate occasions to yield a total of 30 uninfected eels and 30 infected eels. The system was initially maintained at 11°C (±1°C) using a heater-cooler unit (RC 1400 G, Grant) and eels were given at least 6 d to recover from the transfer before rapidly raising the temperature of the water. All 5 experimental runs were started at the same time to minimise the effect of diurnal variations on physiological parameters. Basal samples at 11°C (±1°C) were collected from 10 uninfected eels and 10 infected eels.
To achieve a rapid increase in water temperature, the maximal heating by the circulating heater unit was applied. Temperature rose from the initial 11°C (±1°C) to ~24 to 25°C after 3 h, before beginning to plateau. After 2 h, when water temperature was 22°C (±1°C), blood samples were taken from 10 uninfected fish and 10 infected fish. Finally, a further group of blood samples were taken at 6 h, when the temperature was 28°C (±1°C).
Blood sampling. To obtain blood samples, eels were removed from their tanks using a net and immersed in anaesthetic (Benzocaine; 1 g l -1 ; ethyl 4-aminobenzoate: Sigma). After 1 min, blood samples were rapidly obtained from the caudal vasculature as in previous studies (Gollock et al. 2004 ) using pre-heparinised (28 mg ml -1 ammonium heparin: Sigma) 23 gauge (G) needles (Microlance) and 2 ml syringes (Plastipak, Type B-D). Fish were then killed by immersion in a lethal concentration of anaesthetic to enable epidemiological investigations.
Epidemiology. The swimbladder was removed, and Anguillicoa crassus present in the lumen were removed and counted under a dissecting microscope. The swimbladder was then placed between 2 sheets of glass and larval A. crassus identified and counted under a dissecting microscope. On the rare occasion of infection of River Otter eels, blood samples were rejected from further analysis.
Blood haematocrit and haemoglobin. Haematocrit was measured immediately after blood sampling, in duplicate, in pre-heparinized microhaematocrit tubes, centrifuged at 12250 × g for 5 min (Gelman Hawksley haematocrit centrifuge), and packed red cell volume (%) determined using a haematocrit reader. Haemoglobin concentration (g 100 ml -1 ) was determined spectrophotometrically using an assay kit (Sigma). Mean corpuscular haemoglobin concentration (MCHC) was calculated from:
Plasma glucose and cortisol. After removal of blood samples for haematocrit and haemoglobin, samples were centrifuged (3 min, 11 000 × g; MSE, Microcentaur) and plasma aliquoted and frozen for later determination of plasma cortisol and glucose levels. Plasma samples were kept at -20°C until required. Plasma glucose concentrations were determined spectrophotometrically (Boehringer Mannheim; kit MPR3) and plasma cortisol concentrations measured by radioimmunoassay (RIA) (Brown et al. 2001 , Gollock et al. 2004 .
Statistical analysis. All data were tested for normality or transformed to achieve normality. Levene's test was applied to determine equality of variances before analysis by ANOVA with post hoc analysis by Tukey's Honestly Significant Difference (HSD) where there were equal variances or by Games Howell where variances were unequal. Differences between infected and uninfected eels were identified by Student's t-tests.
RESULTS
Both Anguillicola crassus-infected and uninfected eels exhibited a rise in plasma cortisol concentrations during exposure to a rising water temperature (Fig. 1) . In both groups there was a significant rise in plasma cortisol concentrations after 2 h of rising water temperature to reach 22 ± 1°C compared to the initial plasma cortisol concentrations at 11°C (±1°C) at time 0 h (Fig. 1) , with no significant apparent difference in the plasma cortisol of eels infected with A. crassus and uninfected eels. Despite the further rise in temperature over the following 4 h, after 6 h, when water temperature had reached 28°C, plasma cortisol concentrations of uninfected eels had recovered to levels not significantly different from initial levels (Fig. 1) . In contrast, in eels infected with A. crassus, plasma cortisol remained significantly elevated compared to levels at time 0 h, although not significantly elevated compared to uninfected eels.
Both Anguillicola crassus-infected and uninfected eels showed a significant elevation of plasma glucose concentrations after 6 h exposure to high water temperature (Fig. 2) . However, the pattern of response suggested a more rapid rise in plasma glucose in uninfected eels with plasma glucose at 2 h at an intermediate level between basal concentrations and those after 6 h, but not statistically different from either time point. The slower rise in plasma glucose in A. crassusinfected fish resulted in plasma glucose concentrations at 2 h (22°C) that were not significantly different from basal levels but that were significantly less that those after 6 h (28°C) (Fig. 2) . Uninfected eels showed a significant increase in both haematocrit and haemoglobin levels after 6 h exposure to elevated temperatures (when temperature had reached 28°C), compared to the levels in both the initial and 2 h samples (Table 1 ). In contrast, although haematocrit was significantly elevated in Anguillicola crassus-infected eels after 6 h (as in uninfected eels), haemoglobin concentrations were not significantly increased during exposure to high temperatures at either time point. There were no significant changes in MCHC in either A. crassus-infected or uninfected fish (Table 1) .
DISCUSSION
Our studies employed an experimental approach to systematically raise water temperature and compare the physiological responses of Anguillicola crassusinfected eels to those of uninfected eels. The results indicate that an acute increase in water temperature from 12 to 28°C, over a period of 6 h, has similar effects on uninfected and A. crassus-infected eels but with some apparent differences in the rate of responses.
The sanguiverous nature of Anguillicola crassus might be predicted to limit the ability to increase haematocrit during temperature stress. However, after 6 h at elevated temperatures, haematocrit reached 32.2 and 27.5% in uninfected and infected eels respectively, with no significant difference between the 2 groups and furthermore no correlation between haematocrit and parasitic load was apparent.
The parallel increases in haematocrit and haemoglobin in uninfected eels after 6 h of raised water temperature, in the absence of significant changes in MCHC, suggests an increase in the number of circulating erythrocytes without significant erythrocytic swelling. In contrast, Anguillicola crassus-infected fish showed a significant increase in haematocrit, not dissimilar from that in uninfected fish, but the increase in haemoglobin concentration was not statistically significant (p < 0.059). However, MCHC was unaffected by the temperature increase in either group of eels; thus, the lack of a significant increase in haemoglobin concentration, despite the significant increase in haematocrit in A. crassus-infected eels does not appear to be due to erythrocyte swelling. An alternative explanation is that ion losses occurred and led to reduced plasma volume (Milligan & Wood 1982) . However, the major cause of increased haematocrit in both infected and uninfected eels is likely to have been a splenic release of stored erythrocytes induced by circulating catecholamines (Gaullagher & Farrell 1998 Table 1 . Anguilla anguilla infected with Anguillicola crassus. Haematocrit, haemoglobin and mean corpuscular haemoglobin concentration (MCHC) levels in infected and uninfected fish during exposure to an acute increase in temperature. Different superscript letters indicate a significant difference (p < 0.05) between time-points within each group. There were no significant differences between groups at any time-points in any parameter cholamines induce minimal erythrocyte swelling in anguillids (Perry & Reid 1992) , in contrast to their significant effect and resultant reduction in MCHC in other species (Nikinmaa & Salama 1998) . This is in line with our findings of a stable MCHC in both groups of eels exposed to temperature stress. Eels exposed to an increase in temperature have been shown to elevate oxygen consumption, indicating temperature-driven increases in metabolic rates (Sébert et al. 1995) . There is evidence to suggest that eels may preferentially use glucose as an energy substrate, which is unusual amongst teleosts (Kieffer et al. 1998 , Legate et al. 2001 . In our studies, plasma glucose concentrations were significantly increased in both groups of eels exposed to the rising water temperatures although the Anguillicola crassus-infected fish appeared to show a delay in glucose mobilisation with no significant elevation until the 6 h sample point. The delayed rise in plasma glucose may reflect a higher rate of metabolism causing high glucose turnover due to the metabolic strain of parasitism, as was suggested for a similar absence of a glucose response in rainbow trout Oncorhynchus mykiss exposed to hypoxic stress (Wright et al. 1989) . Our previous studies suggest increased glucose utilisation in A. crassus-infected eels during stress imposed by netting and aerial exposure (Gollock et al. 2004 ). However, during netting and aerial exposure there was no evidence of delayed glucose mobilisation in A. crassus-infected eels (Gollock et al. 2004) . Cortisol is known to stimulate substrate mobilisation for glucose production, the primary substrates being amino acids (Milligan 1997 , Mommsen et al. 1999 , and the hormone remained elevated at the 6 h sample point in infected fish whereas in uninfected fish, cortisol had returned to within basal levels. However, cortisol and glucose concentrations were not significantly different between A. crassus-infected and uninfected eels at any of the time points, and thus the responses require further investigation. If a more prolonged cortisol response does occur in A. crassusinfected fish, and is sustained over a prolonged period, then this would not only have an effect on the metabolism of the fish, but also cause immunosuppression, which would be likely to have important effects on resistance to infection by other pathogenic organisms (Maule & VanderKooi 1999) .
Overall, our study indicates that the presence of Anguillicola crassus does not induce major changes in the acute physiological responses of eels to short-term increases in water temperature. However, this does not discount acute diel temperature change as a factor in the mass mortalities that have been reported in A. crassus-infected eels in Lake Balaton and the Vranov resevoir. Long-term exposure to these daily fluxes may be more detrimental to infected fish, which are potentially suffering a metabolic challenge, harbouring a large number of sanguiverous parasites. Equally, the experiment does not rule out other factors, such as high levels of pesticides or low oxygen levels, which have also been suggested to be involved in these mass eel mortalities (Molnár et al. 1991 , Molnár 1993 , Bálint et al. 1997 . Further experimental studies of the influence of environmental variables on A. crassus-infected eels are therefore required to more fully understand the impact on wild populations.
